Severe behavioural deficits in psychiatric diseases such as autism and schizophrenia have been hypothesized to arise from elevations in the cellular balance of excitation and inhibition (E/I balance) within neural microcircuitry. This hypothesis could unify diverse streams of pathophysiological and genetic evidence, but has not been susceptible to direct testing. Here we design and use several novel optogenetic tools to causally investigate the cellular E/I balance hypothesis in freely moving mammals, and explore the associated circuit physiology. Elevation, but not reduction, of cellular E/I balance within the mouse medial prefrontal cortex was found to elicit a profound impairment in cellular information processing, associated with specific behavioural impairments and increased high-frequency power in the 30-80 Hz range, which have both been observed in clinical conditions in humans. Consistent with the E/I balance hypothesis, compensatory elevation of inhibitory cell excitability partially rescued social deficits caused by E/I balance elevation. These results provide support for the elevated cellular E/I balance hypothesis of severe neuropsychiatric disease-related symptoms.
The neurophysiological substrates of most psychiatric disorders are poorly understood, despite accumulating information on genetic factors associated with complex behavioural phenotypes such as those observed in autism and schizophrenia [1] [2] [3] [4] . One emerging principle is that a range of seemingly unrelated genetic abnormalities can give rise to the same class of psychiatric phenotype (such as social behaviour dysfunction) 5 , highlighting the need to identify simplifying circuit-level concepts [6] [7] [8] that could unify diverse genetic factors under a common pathophysiological principle. One such hypothesis is that elevation in the ratio of cortical cellular excitation to inhibition (cellular E/I balance), for example through increased activity in excitatory neurons or reduction in inhibitory neuron function, could give rise to the social and cognitive deficits observed in diseases such as autism 6, 7, 9, 10 . This hypothesis would unify diverse streams of pathophysiological evidence [11] [12] [13] [14] [15] , including the suggestion that many autism-related genes are linked to gain-offunction phenotypes in ion channels and synaptic proteins 16 , that the autistic state is associated with hyperactivity in frontal brain regions [17] [18] [19] with elevated high-frequency cortical oscillations 20, 21 and that ,30% of autistic patients show clinically apparent seizures 22, 23 . However, it is not clear if such an imbalance would impart its disease-relevant effects by influencing development 9, 10, 24 or real-time function; moreover, the hypothesis has been neither directly testable nor universally accepted [25] [26] [27] , although much pioneering work may have a bearing on this question. Although the motivations for social interaction may vary among species, a common theme (independent of motivation) is that social interactions are challenging owing to high levels of uncertainty, and can require rapid interpretation of complex social stimuli to inform the moment-to-moment generation, refinement and selection of models for the actions of other individuals. Social behaviour assays for experimental mammals such as mice are available, as well as optogenetic methods for direct causal testing of hypotheses regarding the role of activity in specified neuronal populations 31, 32 . Using optogenetics, selectively favouring excitation of one population over another (for example with a bistable step-function opsin (SFO), which can depolarize neurons for prolonged periods 33, 34 ) could address the E/I balance hypothesis, but membrane depolarizations induced by known SFOs 33, 35 are not sufficiently stable after a single light flash over the period required for complex behavioural testing. Nor has it been possible thus far to independently excite multiple cell groups within the same volume of tissue, important for testing aspects of the balance hypothesis. Potential strategies exist to manipulate independent neuronal populations in the context of known potent blue-lightactivated (,460 nm peak) excitatory tools 36 , but currently available redshifted channelrhodopsins are not suitable for combinatorial control because redshifts of less than 50 nm 37, 38 do not translate into separable channels of control in vivo, and the most redshifted channelrhodopsin (.70 nm; VChR1) suffers from low expression levels and weak photocurrents 39 . To enable combinatorial interrogation of E/I balance in experimental animals, we therefore first created several novel optogenetic tools: a series of chimaeric redshifted opsins comprised of sequences from ChR1 40 and VChR1 39 , and a stable SFO operative over the 30 min timescale. We then directly tested the E/I balance hypothesis by optogenetically elevating cellular E/I balance in medial prefrontal cortex (mPFC) during behaviours relevant for social function and learning in freely moving mice.
Development of a stabilized SFO
We first sought to generate an SFO suitably stable for mammalian behaviour. We hypothesized that combining previously characterized SFO mutations (C128S  33 and D156A   35 ), both shown to confer minutescale deactivation kinetics, would synergistically stabilize the open channel state. We generated and purified from Pichia pastoris the ChR2 mutants C128S, D156A and C128S/D156A ( Supplementary  Fig. 1a) to measure intrinsic open-state stability in the absence of potentially confounding cellular properties. Time-resolved spectroscopy to measure photocycle progression showed expected rapid absorbance changes with light delivery that largely recovered within several minutes for single mutants C128S (Fig. 1a) and D156A (Fig. 1b) . In contrast, the double mutant C128S/D156A showed remarkable stability of the activated state, with little detectable return to the dark state even after 30 min (Fig. 1c and Supplementary Fig. 1b) . We next performed whole-cell recordings from neurons expressing this construct ( Supplementary Fig. 1c ). Consistent with spectroscopic observations, neurons expressing ChR2(C128S/D156A) gave rise to far more stable photocurrents than those induced by either single mutant 33, 35 ( Fig. 1d) . A spontaneous deactivation time constant of 29 min was observed for ChR2(C128S/D156A) (r 2 5 0.91), 4.2-fold longer than D156A (6.9 min, r 2 5 0.83) (Fig. 1e ). Peak photocurrents in neurons expressing ChR2(C128S/D156A) or ChR2(D156A) were comparable (231.08 6 31.19 pA; n 5 9 cells and 320.96 6 78.26 pA; n 5 7 cells, respectively; P 5 0.26). The double mutant could be deactivated with either 590 or 405 nm light (Fig. 1f, g and Supplementary   Fig. 1d, e) . We refer to the double-mutant gene and protein as the stable SFO (SSFO).
As slow channelrhodopsins enable transduced cells to act as photon integrators across time 33 , we hypothesized that the SSFO would enable photoactivation with extremely low light power. Indeed, intensities as low as 8 mW mm 22 generated hundreds of picoamperes of whole-cell photocurrent in neurons expressing SSFO (Fig. 1h) . Photocurrent amplitude increased with monoexponential kinetics during illumination (Fig. 1h, left) whereas activation time constants were linearly dependent on activation power on a log-log scale until the channelintrinsic millisecond-scale activation time constant (t on ) was approached ( Fig. 1h, middle ; n 5 27 recordings from 5 cells). The total number of photons required for photocurrents to reach a fixed fraction of I max was constant over many orders of magnitude of light power ( Fig. 1h , right; 9.1 3 10 8 6 1.6 3 10 8 photons; n 5 27 recordings from 5 cells). Taken together, these data indicate that SSFO acts as an integrator with photocurrent determined by total photon exposure.
Consequences of altered E/I balance
To validate the SSFO in vivo, we performed optrode recordings 41 in anaesthetized mice expressing SSFO in prelimbic and infralimbic subregions of the mPFC. To modulate excitation, we used adenoassociated virus (AAV) expressing SSFO-EYFP (EYFP, enhanced yellow fluorescent protein) under control of the CaMKIIa promoter (CaMKIIa::SSFO; Supplementary Methods). To modulate inhibition we expressed a double-floxed inverted open-reading-frame (DIO) AAV 32 encoding SSFO-EYFP in PV::Cre (PV, parvalbumin) transgenic mice (PV::SSFO), where expression of SSFO-EYFP is restricted to GABAergic PV neurons 32 ( Supplementary Fig. 2 ). Using extracellular 
RESEARCH ARTICLE
recordings in anaesthetized mice to access this medial structure, we observed significant light-induced changes in multiunit activity restricted to transduced regions of the mPFC ( Supplementary Fig. 3 ). In mice expressing CaMKIIa::SSFO, multiunit spike rates increased within the transduced area as expected ( Supplementary Fig. 3b , c, e, f). Conversely, in PV::SSFO mice (despite the sparseness of PV cells and incomplete transduction; Supplementary Fig. 2 ), multiunit activity profoundly decreased after an identical 1 s pulse of 473 nm light and returned to near-baseline levels after a 2 s 561 nm pulse ( Supplementary  Fig. 3b , d, e; subsequent behavioural work described later used identical opsin-expression experimental conditions). We next examined the effects of altered E/I balance on prefrontal information transmission using whole-cell patch-clamp recordings. In the presence of ongoing synaptic activity, CaMKIIa::SSFO activation increased synaptic input onto both expressing and non-expressing pyramidal cells ( However, the shape of the I-O curve was preserved with only a small reduction in dynamic range but no change in saturation and no significant effect on I-O mutual information ( Supplementary Fig. 5b-g ). Overall, the reduction in principal neuron information throughput after light activation in CaMKIIa::SSFO slices was 4.8-fold larger than in PV::SSFO slices (P 5 0.0144; across a wide range of analysis parameters, Supplementary Fig. 5h ). These results indicate that at the principal neuron level, information processing may be more impaired by increased E/I balance.
We next examined the effects of this elevated cellular E/I balance on behaviour. We expressed SSFO in either mPFC excitatory or inhibitory PV-expressing neurons as described earlier, and implanted a chronic fibre-optic connector terminating dorsal to the mPFC (Fig. 2a, b) . We confirmed, using c-Fos staining as a marker of activity, that in the awake state neural activity could be increased or decreased by activation of SSFO in pyramidal and PV neurons respectively ( Fig. 2c and Supplementary Fig. 6a ). In behavioural tests, all mice received a single 2 s pulse of 473 nm light through the implanted fibre-optic connector, followed by removal of the fibre optic 1 min before introduction into the behavioural chamber, capitalizing on the stability of the SSFO. Exploration of a new same-sex juvenile introduced to the experimental animal home cage was virtually abolished in the elevated E/I (CaMKIIa::SSFO) group following SSFO activation ( Fig. 2d and Supplementary Videos 1 and 2; n 5 8 CaMKIIa::SSFO mice and n 5 6 controls; P , 0.0005); PV::SSFO mice showed no effect of CaMKIIa::SSFO mice were significantly impaired in freezing responses to both conditioned stimuli. On the following day, mice were reconditioned without optical stimulation and freezing was evaluated 24 h later. All mice showed similar freezing behaviour in the absence of light. f, Open-field exploration in CaMKIIa::SSFO (blue) and CaMKIIa::EYFP (grey) mice, before (Test 1) and after (Test 2) light activation. Example tracks from a CaMKIIa::SSFO mouse are shown. g, Novel object exploration over a 10 min period is similar in mice expressing CaMKIIa::SSFO (blue) and CaMKIIa::EYFP (grey). h, Phase contrast and fluorescence images of coronal sections from wild-type mice injected with CaMKIIa::SSFO in PFC (top) or V1 (bottom). i, Social behaviour in the three-chamber test is impaired following a 2 s 473 nm light pulse in mice expressing CaMKIIa::SSFO in the PFC (n 5 5), but not in control mice (n 5 6) or in mice expressing CaMKIIa::SSFO in V1 (n 5 8). Time spent in a given chamber after stimulation is only significantly altered in mice expressing CaMKIIa::SSFO. All bar graphs depict mean 6 s.e.m. (*P , 0.05, **P , 0.005).
ARTICLE RESEARCH
SSFO activation ( Fig. 2d ; n 5 6 PV::SSFO mice; P . 0.1). To test episodic learning (also impaired in autism and schizophrenia 42, 43 ), we next subjected the same mice to a fear conditioning protocol immediately following SSFO activation. The elevated E/I (CaMKIIa::SSFO) mice showed no conditioned responses 24 h after conditioning ( Fig. 3e ; to either context, P , 0.0005; or tone, P , 0.05, compared with controls). We then reconditioned the same mice in the absence of light activation of SSFO. Twenty-four hours later, responses of these mice were indistinguishable from controls ( Fig. 2e ; P . 0.1 cue and context).
The reduced E/I balance (PV::SSFO) group showed no significant impairment compared with controls to either tone or context ( Fig. 2e ; P 5 0.09 and P 5 0.56, respectively). Elevated E/I balanceinduced deficits were not a result of motor impairment as, in the same mice,open-fieldbehaviourwasnormal( Fig.2fandSupplementaryFig.6b ; n 5 8 CaMKIIa::SSFO mice and n 5 6 CaMKIIa::EYFP mice; Supplementary Fig. 8d shows unchanged immediate foot-shock response in CaMKIIa::SSFO mice). Additionally, CaMKIIa::SSFO mice showed no abnormalities in exploration of a novel object ( Fig. 2g ; n 5 8 CaMKIIa::SSFO and n 5 10 CaMKIIa::EYFP mice; P 5 0.47).
We next examined whether the social impairment induced by altered E/I balance could arise in any cortical region. We tested three groups of mice: CaMKIIa::SSFO virus in the mPFC, as earlier (n 5 5; Fig. 2h, top) ; control virus in the mPFC (n 5 6); and CaMKIIa::SSFO virus in the primary visual cortex (Fig. 2h , bottom; V1 area 17; n 5 8), an area in which microstimulation generates potent internal visual stimuli 44 . These mice were tested in the three-chamber social exploration paradigm 45 , an independent measure of social interaction. We found that control mice and CaMKIIa::SSFO V1 mice preferred the chamber with a novel conspecific mouse, in both no-light and light conditions (Fig. 2i) . In contrast, CaMKIIa::SSFO mPFC mice exhibited normal social exploration at baseline, but significantly reduced social exploration after SSFO activation (Fig. 2i) . This impairment in social behaviour was not correlated with an increased-anxiety phenotype in the elevated plus maze (Supplementary Fig. 6d ). Viral targeting was evaluated post-hoc and revealed CaMKIIa::SSFO expression in targeted regions in all mice tested ( Fig. 2h and Supplementary Fig. 7 ). Taken together, these experiments indicate that elevated, but not reduced, cellular E/I balance in the mPFC significantly impairs social behaviour and conditioning, and that this deficit does not result from changes in anxiety or locomotion.
E/I balance elevation elicits rhythmic activity
Behavioural impairment in both autism and schizophrenia has been associated with elevated baseline (non-evoked) high-frequency activity in the 30-80 Hz range 20, 21, 46 . To examine the activity patterns in awake behaving mice during E/I balance modulation, we designed a chronic multi-site optrode (CMO; Fig. 3a and Methods) to sample activity both in modulated mPFC and in unmodulated regions above and below the mPFC. We hypothesized that temporal stability and photon integration of SSFO would allow light delivery with superficial (non-brain penetrating) fibre-optic placement ( Supplementary Fig. 8a, b) , and verified that superficial light delivery could modulate SSFO-expressing mPFC cells using c-Fos quantification and behavioural testing (Supplementary Fig. 8c-e) . We used CMOs to record neural activity in CaMKIIa::SSFO mice; fibre placement was superficial and electrode positions were confirmed post-hoc by electrolytic lesioning (Fig. 3b) . We found that CaMKIIa::SSFO mice with CMO implants had normal baseline social behaviour that was impaired after a 1 s 473 nm pulse ( Fig. 3c ; n 5 3, P 5 0.044). Novel object exploration was unaffected by stimulation, consistent with previous findings ( Fig. 3c; Fig. 8f and Supplementary Video 3) .
We recorded multiunit activity and local field potentials simultaneously on all channels during these behaviour trials. In the home cage, we observed significant increases in multiunit activity after a 1 s 473 nm light pulse in channels within the SSFO-expressing regions ( Supplementary Fig. 8g , h; 77 6 18% on modulated channels, compared with 23.4 6 4.4% on unmodulated channels; n 5 4 modulated and 4 unmodulated channels in 3 mice averaged over 4 sweeps per mouse; P 5 0.02). Modulated channels showed a marked increase in high-frequency activity with a peak at 80 Hz after SSFO activation (Fig. 3e) delimited to the activation period (Fig. 3d, e, left) . Channels with increased high-frequency activity had concomitant reduction of lower frequencies (Fig. 3e, right, inset) . High-frequency activity was Frequency (Hz) 100 μV 50 ms Figure 3 | Elevated cellular E/I balance in the mPFC drives baseline high frequency rhythmicity in freely moving, socially impaired mice. a, Implantable CMO for awake, behaving recordings in mouse M2 and PFC. Arrowheads indicate wire termination sites; arrow shows cleaved end of fibreoptic connector. b, Electolytic lesions mark the sites from which recordings were taken in a mouse expressing CaMKIIa::SSFO. c, Social (left) and novel object exploration (right) before (grey) and after (blue) activation with 473 nm light in mice used for CMO recordings (n 5 3 mice). d, e, Local-field-potential wavelet spectrogram from a representative unmodulated channel (d) and a representative modulated channel (e). Example traces are shown for the baseline, activation and deactivation periods. Average wavelet spectra for the three indicated periods (n 5 5 trials in 1 mouse) and population data (insets; n 5 3 mice) are shown, demonstrating a specific increase in gamma rhythmicity on the modulated channel after SSFO activation in PFC pyramidal neurons. All bar graphs depict mean 6 s.e.m. (*P , 0.05).
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consistently increased in experiments where a 1 s 473 nm pulse was delivered during testing in the open field ( Supplementary Fig. 8i and Supplementary Movie 3), during social exploration (Supplementary Fig. 8j and Supplementary Movie 5) and during novel object exploration ( Supplementary Fig. 8k ). Together, these data reveal that elevated rhythmic high-frequency activity, a disease correlate in clinical conditions, is elicited (along with social deficits) as a result of elevating cellular E/I balance in freely behaving mammals.
Development of potent redshifted control
We next sought to complement SSFO with a redshifted, fast-kineticresponse excitatory ChR for combinatorial control in the mPFC. Neurons expressing VChR1 showed weak expression (Fig. 4a) and small photocurrents (Supplementary Fig. 9a ), consistent with previous findings 39 . Adding a Kir2.1 trafficking signal 47 (ts) to generate VChR1-ts-EYFP only modestly enhanced photocurrents (Supplementary Fig. 9a ). We next systematically produced ChR1/VChR1 chimaeras and screened for enhanced membrane expression and photocurrent in HEK cells. We observed markedly improved membrane expression when VChR1 helices 1 and 2 were replaced with ChR1 homologues (Supplementary Fig. 9b ) and selected two of these (fused at ChR1 Ala 145 or Trp 163) for further characterization ( Supplementary Fig. 9a,  c, d ). In cultured neurons, the latter variant expressed more robustly and trafficked well to the membrane ( Fig. 4a and Supplementary Fig. 9e , f) with enhanced peak photocurrents (888 6 128 pA, n 5 11 cells; P , 0.0005) compared with VChR1 ( Supplementary Fig. 9a ). The action spectrum remained redshifted (Supplementary Table 1 and Fig. 4d ), while ion selectivity was similar to ChR2 and VChR1 (Supplementary Fig. 9g ). The Kir2.1 trafficking sequence 47 further increased photocurrents (1104 6 123 pA, n 5 12 cells; Fig. 4e , Supplementary  Fig. 9a and Supplementary Tables 1, 2 ). This ChR1/VChR1 chimaera contains no ChR2 sequence at all and is referred to here as C1V1.
Fast deactivation 37 of a redshifted opsin would be optimal for temporal and spectral separation from SSFO. However, C1V1-ts-EYFP photocurrents decayed .10-fold more slowly than those of ChR2, and indeed more slowly than those of VChR1 ( Fig. 4c ; t off 156 6 12 ms and 132 6 12 ms for C1V1-ts-EYFP (n 5 4) and VChR1-EYFP (n 5 5), respectively; Supplementary Table 1) . To enhance photocurrent kinetics of C1V1, we used structural models to search the chromophore region 33, 37 (Fig. 4b) for residues that might modulate photocycle kinetics, inactivation and blue absorption. We found that the E162T mutation (homologous to a ChETA mutation in ChR2) and the E122T mutation both significantly reduced t off (Fig. 4c) . The combined E122T/E162T mutation synergistically enhanced photocurrent temporal precision while maintaining robust photocurrent sizes and reducing the residual shorter-wavelength response observed in VChR1 and C1V1(E162T) (Fig. 4c-e) . Photocurrent sizes generally correlated with fluorescence intensity across constructs ( Supplementary Fig. 9h ), but C1V1(E122T/E162T) cells showed stronger photocurrents than ChR2(H134R) cells at equivalent fluorescence levels (Fig. 4f) . (5) (5) (5) (6) (6) (6) (9) (5) 5 Hz . Photocurrents were collected with 2 ms light pulses in HEK293 cells. e, Mean peak photocurrents recorded in cultured neurons expressing the indicated channelrhodopsins in response to a 2 ms 542 nm light pulse. Colours are as indicated in c; numbers in brackets indicate n. f, Fluorescence-photocurrent relationship in ChR2(H134R) (blue) and C1V1(E122T/E162T) (red). a.u., arbitrary units. g, Acute slice recordings in prefrontal pyramidal neurons (PYR) expressing C1V1(E122T/E162T) and stimulated with 560 nm light pulse trains or current injections at the indicated frequencies. Summary graphs show light and current-evoked spike probability versus stimulation frequency (n 5 6; P . 0.4 at all frequencies). All error bars indicate s.e.m.
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Next we injected mice with AAV5-CaMKIIa::C1V1(E122T/ E162T)-ts-EYFP virus in the mPFC and recorded from expressing neurons in acute slices. The frequency responses to trains of 2 ms light pulses or current injection pulses were indistinguishable ( Fig. 4g ; n 5 6 cells in 2 slices), suggesting that in this case intrinsic cell properties and not opsin kinetics limit performance (Supplementary Fig. 10 ). We next found that with C1V1(E122T) (the most redshifted of all variants although somewhat slower than C1V1(E122T/E162T); Fig. 4d ) reliable spiking with 630 nm light could be obtained (Supplementary Fig. 11) . Lastly, using AAV5-CaMKIIa::C1V1(E122T/E162T) together with AAV5-EF1a::ChR2(H134R), we were able to differentially drive spiking in cortical pyramidal and PV neurons with 560 nm and 405 nm light, respectively (Supplementary Fig. 12 ). Combinatorial excitation was also possible with SSFO and C1V1, as peak frequencies of evoked rhythmic circuit activity generated in prefrontal cortical slices by C1V1 activation seemed to be shifted to higher frequencies by co-activation of SSFO in PV neurons (Supplementary Fig. 13 ). Furthermore, using C1V1 and ChR2 we were able to independently activate axons of two converging excitatory pathways (cortico-thalamic and thalamocortical) onto thalamic reticular nucleus neurons, observing that under these conditions the temporal coincidence of subthreshold synaptic inputs from each pathway can evoke spiking in target neurons (Supplementary Fig. 14) . Together these results indicated that combinatorial control within intact tissue is enabled with these C1V1 variants.
Increased inhibition modulates behavioural deficits
In principle, an elevated E/I ratio could be achieved not only by increasing excitation but also by reducing inhibition, although this loss-of-function approach might be operative only under high baseline activity of the inhibitory cells (Supplementary Figs 6c, 15) . However, a question salient to the elevated cellular E/I ratio hypothesis is whether adding an additional disruption in the form of increased inhibition could ameliorate behavioural deficits associated with elevated E/I balance. For this experiment, we first had to verify that combinatorial excitation could be feasible in vivo. We therefore explored combinatorial excitation of mPFC pyramidal and PV neurons in vivo with optrode recordings (Fig. 5a, left) . To examine inhibitory effects of PV cell activity on pyramidal neuron spiking in vivo, we expressed CaMKIIa::C1V1(E122T/E162T) and DIO::ChR2(H134R) in the mPFC of PV::Cre mice. Using an optrode, we applied 5 Hz 405 nm pulses (to activate ChR2 in PV cells) followed by 5 Hz 561 nm pulses (to activate C1V1 in pyramidal neurons) while varying inter-pulse interval (Fig. 5a, right) . The fidelity of green-light-evoked 
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events dropped as the inter-pulse interval decreased, with maximal excitatory responses observed with an interval of 100 ms (Fig. 5a , top trace) and responses were nearly abolished when light pulses were presented with sufficient synchrony (Fig. 5a , bottom trace; summary data in Fig. 5b ). These data demonstrate combinatorial optogenetic control within an intact mammal. We next leveraged combinatorial optogenetics in vivo to excite mPFC pyramidal cells with SSFO and PV neurons with C1V1 (E122T/E162T) in freely moving mice ( Fig. 5c ; referred to here as SSFO/C1V1 mice; n 5 7). Control cohorts were injected with CaMKIIa::SSFO virus alone (n 5 7) or with CaMKIIa::EYFP (n 5 8). Mice were tested in the three-chamber social test under four different illumination paradigms, designed to examine behaviour with baseline properties, elevated excitatory tone, elevated inhibitory tone and coelevated excitatory and inhibitory tone (Fig. 5d, e) . All mice showed significant preference for the social chamber during baseline testing (Fig. 5f, g and Supplementary Fig. 16 ; CaMKIIa::SSFO mice, P 5 0.0002; SSFO/C1V1 mice, P 5 0.0014; CaMKIIa::EYFP mice, P 5 0.0029). Under pulsed laser light at 590 nm, all mice showed significant preference for the social chamber (Fig. 5f, g and Supplementary Fig. 16 ; CaMKIIa::SSFO mice, P 5 0.02; SSFO/C1V1 mice, P 5 0.0048; CaMKIIa::EYFP mice, P 5 0.039). After a 2 s 473 nm pulse given at the beginning of the test, neither the CaMKIIa::SSFO nor the SSFO/C1V1 mice preferred the social chamber (Fig. 5f , g and Supplementary Fig. 16 ; P 5 0.52 and P 5 0.96, respectively). Lastly, we sought to ameliorate the behaviour deficit by compensating cellular E/I balance, co-activating SSFO in excitatory cells and C1V1(E122T/E162T) in inhibitory cells by pulsing 10 Hz 473 nm light throughout the test period (Fig. 5f, g ). CaMKIIa::SSFO mice (with no C1V1(E122T/E162T) and thus experiencing purely cellular E/I balance elevation) showed no significant preference for the social chamber ( Fig. 5f ; P 5 0.81); in contrast, despite the sparseness of the PV population and incomplete transduction under these conditions ( Supplementary Fig. 2 ) SSFO/C1V1 showed modest but significant preference for the social chamber ( Fig. 5g ; P 5 0.026). Control CaMKIIa::EYFP mice significantly preferred the social chamber under both the 2 s 473 nm and the 10 Hz 473 nm paradigms (Supplementary Fig. 16 ). Together, this series of experiments indicate that social deficits seen with elevated mPFC cellular E/I balance may be partially reduced by restoring balance with increased inhibitory tone.
Discussion
Several lines of evidence have indicated the involvement of elevated cellular E/I balance in the aetiology of medication-unresponsive social and information-processing impairments in autism and schizophrenia, although it has been unclear if such an effect would operate on the acute or chronic timescale 3, 9, 10, 23, 28, 48 . Moreover, the tight interplay and complexity of excitation and inhibition within cortical microcircuitry have precluded the direct investigation of cell-and circuit-level effects of changes in cellular E/I balance; for example, cell-specific pharmacological agents are lacking, and homeostatic processes can occur downstream of synaptic and intrinsic excitability alterations. We therefore sought to investigate the effects of this altered cellular E/I balance on the acute timescale and quantify the effects on information transmission, network activity and animal behaviour. To stably modulate neural activity in awake animals, we produced an SSFO that enabled combined spectral/temporal separation when used together with redshifted opsins (C1V1 variants), developed as chimaeras along with combinatorial mutagenesis of the chromophore region to enhance potency, kinetics and spectral properties.
With these new tools, we obtained causal support for the elevated cellular E/I balance hypothesis, and identified circuit-physiology manifestations of the resulting social dysfunction. SSFO activation in prefrontal cortical excitatory (but not inhibitory) neurons led to profound, yet reversible, impairments in social function and cognition without motor abnormalities or increased anxiety. To understand more fully the elevated E/I state, we probed both in vitro and in vivo the underlying circuit-physiology manifestations. Despite the complexity resulting from the broad range of circuit phenomena that a cellular E/I balance modulation could initiate, we found that cellular E/I balance elevation, but not reduction under these conditions, altered the transfer functions of principal neurons in a way that quantitatively impaired information transmission within cortical circuitry. The effects of elevated E/I balance on social behaviour showed evidence of specificity for the PFC, as increasing the E/I ratio in primary visual cortex did not impair social behaviour. The PFC network, with its extensive subcortical connectivity, might therefore be particularly susceptible to eliciting psychiatric symptom-related effects in the setting of subtle changes in E/I balance, a notion that is supported by observed alterations in PFC inhibitory markers associated with psychiatric disease 12, 13, [48] [49] [50] and the altered PFC rhythmicity observed in autistic individuals 20 . And using spectrotemporal separation of the activity of SSFO and C1V1, we found that increased cellular inhibition moderately ameliorated the social behaviour deficits in mice that had been subjected to elevation of cellular E/I balance.
We also identified correspondence between a clinical marker of disease states linked to social dysfunction (elevated baseline gamma power) and electrophysiological findings during free behaviour in the elevated cellular E/I state. We found that the elevated E/I state was associated with robust, stable high-frequency power in the 30-80 Hz range generated by and manifested within the regions directly experiencing elevated cellular E/I balance. Stimulus-evoked gamma oscillations had previously been shown to be important for refining information flow through cortical circuitry 32 , but high baseline (unevoked) gamma oscillations may interfere with cortical function and contribute to disease states 20, 21 . Together, these temporally delimited, cell-type-specific optogenetic manipulations (although fully capable of causing either acute or chronic changes in complex local circuit processing and input-output relationships) distinguish direct real-time effects of cellular E/I balance changes in vivo from the many possible developmental and structural alterations that could occur with more chronic interventions [25] [26] [27] [28] [29] . Despite the complexity of homeostatic processes that contribute to behavioural phenotypes in genetic models, our data are consistent with the E/I balance hypothesis and with recent reports of impaired social function and learning in mouse models of Rett syndrome 28, 29 . In sum, these findings may represent a step towards understanding the pathophysiology of social and information-processing dysfunction, and despite the complexity of cortical processing, together provide causal support for the cellular E/I balance elevation hypothesis of severe psychiatric disease symptomatology on the cellular, circuit and behavioural levels.
METHODS SUMMARY
C1V1 was cloned by overlap extension PCR, fusing the N-terminal sequence of the Chlamydomonas reinhardtii ChR1 coding sequence 40 with the C-terminal sequence of Volvox carteri ChR1 39 . SSFO mutants were generated by site-directed mutagenesis of the humanized ChR2 sequence. Constructs were cloned into the pLenti or pAAV-MCS backbone under control of the CaMKIIa promoter or using a double-floxed inverted open-reading frame (ORF) Cre-dependent backbone 32 . Maps and clones are available at http://www.optogenetics.org. Virus was stereotactically injected 2-3 weeks before physiological experiments or behavioural testing. Optrode recordings in anaesthetized mice were conducted as described 41 using a dual-laser system with either 473 nm and 561 nm lasers for SSFO experiments or 405 nm and 561 nm lasers for combinatorial excitation experiments with ChR2 and C1V1.
Recordings in behaving mice were performed using custom-built 4-microwire arrays attached to an optical fibre. Arrays were designed to sample from a large anatomical volume including transduced and untransduced tissue. Data were analysed in Matlab, using custom software; spectral analysis was performed using the wavelet method 32 .
